Temperatures ranging from room temperature (20°C) to 42°C are generally not considered to have an activating effect on platelets. However, this assumption is not supported by clinical phenomena that result in hemostatic failure related to hypothermia. In this study, we investigated the effect of temperatures between room temperature (20°C) and 42°C on human blood platelets and found that room temperature causes marked activation of platelets. Major changes in platelet morphology were seen at 20°C compared to resting platelets at 37°C. Platelet morphology was investigated with noninvasive live cell techniques (light microscopy and dynamic and static light scattering), as well as with transmission and scanning electron microscopy. The changes in platelet morphology correlated with the expression of the activation marker, activated glycoprotein (GP) IIb-IIIa, measured by flow cytometry. Twenty-five percent to 30% of platelets expressed activated GPIIb-IIIa after exposure to 20°C for 10 minutes. In the presence of serotonin re-uptake inhibitors, the serotonin content of platelets at 20°C was twice that of resting platelets. In comparison, moderate heat shock conditions (42°C for 10 minutes) caused no signs of platelet activation as indicated by the absence of morphological alterations, no expression of activated GPIIb-IIIa, and no changes in serotonin content. These results show that room temperature by itself significantly activates platelets and has an effect on the platelet serotonin content. This may contribute to both the functional lesion associated with 22°C storage of platelets for transfusion and the in vivo hemostatic failure after hypothermia. (Lab Invest 2001, 81:581-592).
U nder many physiological, pathophysiological, ex vivo, and laboratory conditions, platelets are subjected to temperatures below and above 37°C. For research purposes or the production of platelet concentrates for transfusion, platelets are isolated from whole blood at room temperature or lower. In blood banks platelet concentrates are stored at 20°C to 24°C (Murphy and Gardner, 1969) . In the peripheral circulation or in situations of hypothermia caused by trauma or extracorporeal circulation, platelets may encounter temperatures significantly lower than 37°C (Boldt et al, 1996) . On the other hand, whole-body hyperthermia with an increase of the body core temperature to 41.8°C was reported in cancer treatment (Pereira Arias et al, 1999) . Therefore, a temperature range of 20°C to 42°C might be considered clinically relevant. However, the effects of hypo-and hyperthermia on platelets and platelet function are not well understood.
It is well recognized that the exposure of platelets to 4°C results in platelet activation (White and Krivit, 1967; Zucker and Borrelli, 1954) . Activation of chilled platelets (4°C) was observed as a morphological change from the resting discoid state (Bizzozero, 1865; White, 1991; Zucker and Borrelli, 1954) to activated spherical cells with pseudopods. It has also been shown that the morphological changes in chilled platelets are accompanied by a rise of intracellular calcium concentrations (Milton et al, 1985) . The molecular mechanism of shape change induced by chilling is still under dispute in the literature. Winokur and Hartwig (1995) discovered that the morphological changes are due to rearrangements of actin filaments. White and Krivit (1967) and White and Rao (1998) reported that the loss of the circumferential microtubules is responsible for the shape change in chilled platelets because the microtubules maintain the discoid shape of resting platelets. This question is the subject of ongoing research and demonstrates that the temperature effects on platelets are far from being understood. Although the results obtained from chilled platelets give valuable insight into the physiology of platelets at low temperature, 4°C is a temperature far below the clinically relevant temperatures for hypothermia.
The detrimental effects of refrigeration on the storage of platelet concentrates have been recognized. Murphy and Gardner (1969) showed that the in vivo survival time of platelets from platelet concentrates was significantly lower when platelets were stored at 4°C compared with platelets stored at 20°C. These results led to the currently used storage temperature of 20°C to 24°C in blood banks. During the standard 5-day storage at room temperature, platelets demonstrate a loss of their integrity and functionality known as the platelet storage lesion. Whether the low temperature during preparation and storage of platelet concentrates in part causes the platelet storage lesion is not known.
In the literature, controversial results on the effect of room temperature on platelets can be found. Tablin et al (1996) reported a phase transition temperature of the platelet plasma membrane of 15°C to 18°C measured with Fourier transform infrared spectroscopy. They suggested that the lipid phase transition may be related to platelet activation. Michelson et al (1994 Michelson et al ( , 1999 reported that, in the absence of an agonist, room temperature (hypothermia) alone has an inhibitory, rather than an activating, effect on platelet function and concluded that this reduced platelet activity is causing the coagulopathy associated with hypothermia. Faraday and Rosenfeld (1998) hold a contrary view. They found enhanced activation of glycoprotein IIb-IIIa (GPIIb-IIIa) and ␣-granule release when platelets were activated with ADP after exposure to 22°C, compared with platelets kept at 37°C. However, they reported that temperature alone had no effect on platelet activation. In a few other studies, morphological changes of platelets induced by room temperature have been observed (Breddin et al, 1975; Milton et al, 1985; Nachmias, 1980) .
Temperatures up to 42°C were found to have no effect on platelet morphology (Rao et al, 1993; White, 1968) . This is in contrast to other cells that respond to high temperature with surface blebbing (Zatloukal et al, 1988) . The effect of hyperthermia on the expression of platelet activation markers or the platelet serotonin content in the presence of re-uptake inhibitors has not been previously investigated. It was, however, reported that the number of unactivated GPIIb-IIIa molecules decreases on the platelet surface when the temperature exceeds 40°C (Pasha et al, 1995) .
The objective of this study was to gain a better understanding of the effects of temperature on platelet activation. Platelet morphology was investigated together with biochemical parameters such as the surface expression of activation markers and release of granule contents. Hypothermia caused severe morphological changes, the expression of activated GPIIb-IIIa, and changes in serotonin content. The temperature-induced activation of platelets shared features in common with that induced by chemical agonists such as thrombin but was distinct in that it was not accompanied by ␣-granule release. The results presented here demonstrate that platelets are activated at room temperature, a much higher temperature than previously reported in the literature.
Results
We investigated the direct effects of different temperatures on platelet activation without the addition of agonists. Morphological changes were observed with microscopy and light scattering techniques. Flow cytometry was used for the detection of activation markers on the platelet plasma membrane. For the measurement of the serotonin (5-hydroxytryptamine, 5-HT) concentration, we used high-pressure liquid chromatography (HPLC) or a serotonin ELISA. Platelet serotonin was also visualized with fluorescence microscopy.
Clinically, platelets are exposed to a temperature range from 20°C to 42°C. This report is limited mainly to the extremes of that temperature range, 20°C and 42°C, in comparison with the normothermic control at 37°C.
Temperature Induced Activation of Platelets: Phase Contrast and Electron Microscopy
Lowering the temperature of platelet suspensions from 37°C to 20°C caused distinct morphological changes. The first column in Figure 1 (A to C) shows phase contrast micrographs of live platelets. The use of a light microscope equipped with a digital camera and a temperature stage allowed the monitoring of the effects of temperature on live platelets in real time. Discoid platelets can be seen at 42°C (A) and 37°C (B), and morphologically changed platelets at 20°C (C). The three pictures are frames taken from a realtime recording of platelet-rich plasma (PRP) subjected to temperatures between 42°C and 20°C. Scanning (D to F) and transmission electron microscopy studies (G to I) are in agreement with these findings as shown in Figure 1 . Ultrastructural changes were visualized by transmission electron microscopy. Platelets at 42°C (G), as well as at 37°C (H), have intact circumferential microtubules. These structures centralize and disappear from many platelets incubated at 20°C (I). Platelets were incubated at 20°C for 10 minutes. We demonstrate here that temperature activation of platelets is very pronounced at room temperature, whereas it was previously shown to occur only at temperatures below 20°C. Platelets are sensitive to temperatures between 37°C and 20°C (hypothermia) but not to physiologically relevant high temperatures (hyperthermia). The pictures shown in Figure 1 are representative of at least five similar sets.
We also observed that the morphological changes at 20°C were dependent on the anticoagulant. Platelets prepared from acid citrate dextrose (ACD, pH 6.0)-anticoagulated blood showed significantly fewer signs of activation after 10 minutes at 20°C than platelets from sodium citrate-anticoagulated blood. Incubation for at least 15 minutes of 20°C-activated platelets from either anticoagulant restored the discoid morphology of the platelets.
Even after prolonged exposure to 20°C, the morphological changes of platelets in PRP were generally reversible when the samples were incubated at 37°C for 15 minutes. This is demonstrated in Figure 2 , which shows a series of phase contrast micrographs of platelets incubated at 20°C for increasing periods of time. Aliquots of PRP were removed and fixed after 10 minutes (A), 30 minutes (B), 60 minutes (C), 3 hours (D), and 6 hours (E) at 20°C. At the same time-points, aliquots were also placed in the 37°C water bath and incubated for 15 minutes before fixation. The second column of Figure 2 shows the corresponding images of platelets that have recovered their discoid morphology at 37°C (F to J). Because of sample heterogeneity, a small number of platelets in the whole population did not recover. This number seemed to increase slightly with increasing exposure to low temperature. It is, however, interesting that even after an extended exposure to low temperature, the majority of platelets was able to regain their discoid morphology.
Temperature-Induced Activation of Platelets: Static and Dynamic Light Scattering
The microscopy results were complemented by static and dynamic light scattering experiments. Both are noninvasive techniques and allow quick monitoring of a large ensemble of platelets rather than subjectively selected single platelets. In addition, a large number of samples can be analyzed in a short time, and no special pretreatment or preparation is necessary. With static light scattering, platelet size and shape can be measured. Dynamic light scattering offers a different approach to measuring the platelet size as well as the surface charge density. In this study, static and dynamic light scattering were chosen to independently test the microscopy results and obtain a more quantitative picture of the morphological changes.
The scattering curves of 20°C, 37°C, and 42°C platelets are shown in Figure 3A . The scattering curves arise from the angle-dependent scattering intensities of the scattering particles and contain the information on the size and shape of the particles. Most of the light is scattered in the forward direction because platelets are large particles relative to the wavelength of the laser. Differences between the scattering curves from platelets kept at 37°C compared with those from platelets incubated at 20°C for 10 minutes are only seen at scattering angles less than 45°. The scattering curves for 37°C and 42°C are identical. Fourier transformation of the scattering curves results in the corresponding pair distance distribution functions (PDDF), where the information on the particle size and shape is more obvious (Glatter, 1979) . The corresponding PDDFs obtained from the scattering curves of Panel A are depicted in Figure 3B . It can be seen that the average body of room temperature-activated platelets is globular (the PDDF is nearly symmetrical) and smaller compared with its discoid form at 37°C and 42°C. The discoid form is indicated by the asymmetrical form of the PDDF. The longest distance in the PDDF corresponds to the maximum dimension of the scattering particles. The pseudopods do not significantly contribute to the light scattering and thus, to the PDDF because their diameter is small compared with the platelet body (Kerker, 1983) . Static light scattering experiments on platelets from three different donors gave similar results. Figures 3C and 3D show the volume-weighted size distributions (C) and the electrophoretic mobilities (D) calculated from dynamic light scattering. The size distributions in Panel C show the distributions of the hydrodynamic radii (R H ) of the scattering particles, which were calculated from the velocity of the Brown- Temperature-induced activation of platelets: Phase contrast and electron microscopy. The first column (A to C) shows phase contrast micrographs of live platelets. The second and third depict scanning electron micrographs (D to F) and transmission electron micrographs (G to I), respectively. Discoid platelets can be seen at 42°C (A, D, G) and 37°C (B, E, H), and morphologically changed platelets at 20°C (C, F, I). The original magnification for the scanning electron micrographs was ϫ5000. Microtubules (MT) supporting the discoid form of platelets can be seen in the transmission electron micrographs of platelets at 42°C (G) and 37°C (H). Original magnifications: ϫ20,000 (G), ϫ30,000 (H), and ϫ20,000 (I).
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ian motion of these scattering particles. The Brownian motion decreases with increasing friction of the particles in solution, which can be caused by an increase in particle volume or a change in particle shape. Activation of platelets at 20°C finds expression in a substantial increase in the apparent size. Discoid, resting platelets at 37°C and 42°C have essentially the same size, indicated by a comparable mean hydrodynamic radius R H (Panel C). Because R H is calculated from the Brownian motion of the platelets and not the angular scattering intensity, it is not equivalent to the maximum dimension derived from the PDDF.
The electrophoretic mobilities of platelets at 37°C and 42°C were also very similar whereas they decreased by 40% for platelets cooled to 20°C. The value of Ϫ1.7 ϫ 10 -8 m 2 V -1 s -1 for the electrophoretic mobility of platelets at 20°C compares well with that in the literature. Gabriel et al (1993) reported an electrophoretic mobility range for platelets at 22°C of Ϫ1.5 to Ϫ2.0 ϫ 10
. Values for the electrophoretic mobility of platelets at 37°C have not been published so far. The results from electrophoretic and diffusion light scattering (EDLS) are summarized in Table 1 . Together with the microscopy results, it was concluded that the 50% increase in apparent size and the 40% decrease in electrophoretic mobility for platelets exposed to 20°C were caused by platelet shape change. Human platelets did not change their morphology when PRP was heated to 42°C for 20 minutes. This was shown by unaltered electrophoretic mobility and size for platelets at 42°C in comparison with resting platelets kept at 37°C. Changes of platelet morphology were observed at temperatures higher than 42°C by both EDLS and scanning electron microscopy (results not shown). The temperaturedependent shape change measurement with dynamic light scattering (from 20°C to 37°C) was repeated 70 times because it was also used as the "control" activation for several different studies.
Because the mean R H was found to be a good indicator of the average platelet morphology, it was used to investigate the temperature dependence of platelet activation in more detail. Figure 4 shows the change in R H as a function of the temperature. As the temperature was lowered from 37°C to 30°C, only minor alterations in platelet morphology were observed, indicated by small changes in R H . Below 30°C the increase in R H with decreasing temperature was more pronounced, suggesting that temperatures below 30°C are more effective in stimulating platelet shape change.
Flow Cytometry of Platelets at Different Temperatures
Flow cytometry is a widely accepted method for the detection of platelet activation (Devine et al, 1999) . Activated GPIIb-IIIa is expressed on platelets activated by chemical agonists. Elevated levels of the activated form of this integrin are correlated to cytoskeletal rearrangements , as well as to the initiation of secretory pathways (Hawiger, 1989) . To determine whether the morphological changes occurring at room temperature find expression in the biochemistry of the cell, we tested for the appearance of activation markers on the platelet plasma membrane.
Representative histograms from flow cytometry are shown in Figure 5 . The first column depicts the light scattering panels (log side scattering vs log forward scattering). The second column shows the amount of FITC-labeled PAC-1 binding or, in the case of the negative control (Fig. 5A) , the amount of nonspecific antibody binding, and the third column depicts the amount of phycoerythrin (PE)-labeled anti-CD42b bound to the surface of the platelets. Platelets at 37°C
Figure 2.
Reversibility of platelet activation induced by exposure to 20°C. The first column (A to E) shows phase contrast micrographs of platelets incubated at 20°C for 10 minutes (A), 30 minutes (B), 1 hour (C), 3 hours (D), and 6 hours (E). The second column (F to J) depicts phase contrast micrographs after these samples were incubated at 37°C for 15 minutes. All samples were fixed with paraformaldehyde (2% final concentration) for 30 minutes at the appropriate temperature.
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or 42°C showed a wide scattering plot characteristic for resting platelets, as well as no PAC-1 binding and full accessibility of CD42b (Fig. 5B) . The analogous panels in Figure 5C show the results for platelets activated at 20°C. The scatter plot is narrow, because of granule centralization, and PAC-1 binding was increased. Both features were even more pronounced after platelets were activated with 1 IU/mL thrombin in the presence of the tetrapeptide Gly-Pro-Arg-Pro (GPRP) (Fig. 5D) .
As a summary of the flow cytometry results, Figure  6 shows the binding of the FITC-labeled antibodies PAC-1, antifibrinogen, and anti-CD63, as well as the PE-labeled anti-CD62P to platelets in PRP incubated for 10 minutes at 20°C, 37°C, and 42°C. Platelets incubated at 20°C showed a marked increase in activated GPIIb-IIIa expression, with PAC-1 binding to 25% to 30% of the platelet population. Correlating with the improved morphology of platelets isolated from ACD-anticoagulated blood, we also saw only half the PAC-1 binding to these platelets compared with platelets isolated from citrate-anticoagulated blood (data not shown). The amount of fibrinogen bound to the platelet surface was also elevated compared with 37°C platelets (Fig. 6 ). In the presence of fluoxetine, a serotonin re-uptake inhibitor, some expression of the lysosomal/dense granule marker CD63 could be detected on the surface of discoid platelets at 37°C and 42°C. This was in contrast to platelets activated by exposure to 20°C, which did not express CD63. The PE-labeled anti-CD62P antibody did not bind to platelets at any of the different incubation temperatures, indicating that there was no ␣-granule release. All platelet samples were inspected routinely by phase contrast microscopy.
Serotonin Concentration in Platelets and Plasma
The flow cytometry data indicated no release of ␣-granule contents. CD63 is a membrane protein of platelet-dense granules (Nishibori et al, 1993) and is expressed on the platelet surface after dense granule release. Platelet-dense granules are the storage compartments for circulating serotonin. Because differences in CD63 expression levels were found on the plasma membrane of 20°C and 37°C platelets, we also tested for a temperature-dependent release of serotonin. Serotonin (5-HT) concentrations were measured in the platelet pellet and in plasma. In the presence of serotonin re-uptake inhibitors such as imipramine or fluoxetine, the intracellular 5-HT concentration at 20°C was twice as high as at 37°C (Fig.  7A ). In addition, the plasma 5-HT concentrations were inversely related to the platelet pellet concentrations. The higher 5-HT level in platelets at 20°C parallels the reduced expression of CD63 on the surface of these platelets ( Figure 6 ). Serotonin was visualized in platelets after fixation using a monoclonal mouse-antihuman serotonin primary antibody in conjunction with a Texas Red-labeled goat-anti-mouse F(ab') 2 secondary antibody. Phase contrast and fluorescence micrographs show a representative discoid platelet at 37°C (Fig. 7B, a and b) and a platelet after shape change induced by exposure to 20°C for 10 minutes (Fig. 7B,  c and d) . Serotonin-containing dense granules appear as bright spots. The relatively high background seen with fluorescence microscopy is due to the use of secondary antibody staining. Control samples of platelets, where the 5-HT specific antibody was omitted or of cells that lack intracellular 5-HT such as leukocytes, showed only background fluorescence (data not shown). Visual comparison of the staining Nonlinear course of temperature-induced platelet activation. Figure 4 shows the change of the mean hydrodynamic radius R H as a function of temperature. R H is calculated from the results of dynamic light scattering measurements and is a parameter indicative for the average platelet morphology. Minor changes occur between 37°C and 30°C, whereas the R H increases significantly when the platelets are cooled below 30°C. R H increases because activated platelets extend numerous pseudopodia that decrease their Brownian motion (for details see Appendix).
Figure 5.
Flow cytometry results of platelets at different temperatures. Figure 5 shows the scatter plots (log side scattering vs log forward scattering) and two fluorescence histograms (FITC and phycoerythrin [PE] fluorescence vs platelet count) indicative for binding of FITC-labeled PAC-1 antibodies to activated glycoprotein (GP) IIb-IIIa and PE-labeled anti-CD42b binding to the glycoprotein (GP) Ib-IX-V complex on platelets in platelet-rich plasma (PRP). The four rows show the results for nonspecific antibodies (negative control, A), resting platelets at 37°C or 42°C (B), activated platelets incubated at 20°C for 10 minutes (C), and for platelets activated with 1 IU/mL thrombin in the presence of GPRP (positive control, D).
Figure 6.
Flow cytometry of platelets at different temperatures. Figure 6 shows the binding of FITC-labeled antibodies PAC-1 (black bars), antifibrinogen (gray bars), and anti-CD63 (white bars) and the PE-labeled anti-CD62P (striped bars) to platelets in PRP at the indicated temperature measured with flow cytometry. Platelets were activated with 1 IU/ml thrombin for positive control and binding of a nonspecific antibody was the negative control.
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intensities supports the data obtained with HPLC/ ELISA and flow cytometry.
Discussion
This is the first report comparing the effects of hypothermia and the consequences of heat shock on platelets to a platelet population kept at 37°C. Platelet morphology, integrin activation and granule release were investigated. Platelets cooled to 20°C showed marked changes in morphology, ultrastructure, membrane protein expression, and serotonin content compared with resting platelets at 37°C. Moderate heat shock conditions (42°C) did not induce any changes in all these parameters.
With dynamic light scattering, we showed that platelet morphology does not steadily change with decreasing temperature from 37°C to 20°C. Subtle changes occurred between 30°C to 37°C, whereas cooling below 30°C caused significant platelet activation. At 20°C the majority of platelets were activated to spherical cells with pseudopods.
The finding that room temperature activates platelets seems to be contradictory to other reports that showed that platelets prepared at room temperature maintain discoid morphology (Patscheke and Wörner, 1978) . However, it has to be taken into account that discoid platelet morphology in many studies was preserved by low pH (Mustard et al, 1989; Nachmias et al, 1987; Patscheke, 1981) . Our own results confirmed the inhibitory effect of a low pH anticoagulant such as ACD on both the morphological changes and the expression of activated GPIIb-IIIa. The mechanism that leads to the inhibition of platelet activation at low pH is not known. Discoid morphology can also be restored during a resting period of at least 15 minutes at 37°C after preparation of PRP at 22°C to 24°C (Gear, 1984; Winokur and Hartwig, 1995; Zucker and Borrelli, 1954) . We were able to show that, even after 6 hours at 20°C, the morphological signs of platelet activation were reversible. Therefore, platelet researchers conducting in vitro studies generally consider room temperature not harmful for platelets. In the context of platelet research, hypothermia is classified as the exposure of platelets to 4°C during chilling and refrigeration. The literature on chilled platelets unequivocally reports activation of platelets with severe morphological changes.
The clinical classification of hypothermia is substantially different from the classification used for platelet in vitro studies (Kirkpatrick et al, 1999) . A body temperature between 35°C and 32°C is classified as mild, between 32°C and 28°C as moderate, and below 28°C as severe hypothermia, which is lethal in most cases. During surgery such as cardiopulmonary bypass, the patient or parts of the patient's body and the blood in the extracorporeal circulation are cooled to temperatures between 37°C and 20°C (Boldt et al, 1996) . As a consequence of hypothermia, hemostatic dysfunction was observed (Boldt et al, 1996; Michelson et al, 1999) . The reason for the hemostatic failure is unknown, but platelet dysfunction was suggested to play a major role. The literature on chilled platelets is often cited in connection with the clinical effects of hypothermia; however, 4°C is clearly a much lower temperature than reached in clinical situations.
With the appreciation of this discrepancy, a new body of literature has emerged that is concerned with the effect of room temperature on platelets. However, controversial results are reported. Reduced platelet function induced by hypothermia in the forearm of the blood donor was measured by prolonged bleeding time. No effect on platelet P-selectin and thromboxane B 2 levels was reported (Michelson et al, 1999) . Our findings that ␣-granules are not involved in platelet Serotonin concentration in platelets and plasma. A, The average serotonin concentrations in plasma and the platelet pellet from three healthy donors at 37°C (black bars) and at 20°C (gray bars) in the presence of 5-hydroxytryptamine, serotonin (5-HT) re-uptake inhibitors, such as imipramine or fluoxetine are shown. An ELISA kit was used for the determination of plasma 5-HT, whereas the concentrations in the pellet were measured by high pressure liquid chromatography/absorbance detection. B, Histochemical detection of 5-HT in platelet-dense granules. Phase contrast and fluorescence micrographs show a discoid platelet at 37°C (a and b) and a platelet after temperature-induced shape change at 20°C (c and d). Serotonin is indicated by bright dots in the fluorescence micrographs caused by a secondary Texas Red-labeled antibody to a serotonin antibody.
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Laboratory Investigation • April 2001 • Volume 81 • Number 4 activation at room temperature are consistent with these results. However, Michelson et al did not report on platelet morphology, GPIIb-IIIa activation, or serotonin, parameters that we found to change at low temperature. Increased reactivity of platelets at 22°C to ADP and collagen has been reported as well (Faraday and Rosenfeld, 1998) . It is interesting to note that platelet isolation from whole blood by these researchers was carried out at room temperature. This might explain why Faraday and Rosenfeld did not see differences in fibrinogen binding and only a very small difference of PAC-1 binding of platelets at 37°C and 22°C, unless ADP was added.
Hypothermia was reported to result in a marked prolongation of the bleeding time (Michelson et al, 1994 (Michelson et al, , 1999 . A prolonged bleeding time is also one of the primary symptoms of patients with serotonin deficiencies (McNicol and Israels, 1999) . Platelets transport at least 95% of the circulating serotonin (Hardisty and Stacey, 1955; Pletscher et al, 1971) . Serotonin has an important vasoactive role for wound closure during acute vessel wall injury (Vanhoutte, 1981) . We have shown that, in the presence of a serotonin re-uptake inhibitor, the temperature-dependent activation of platelets is accompanied by changes in the dense granule content of serotonin directly measured by HPLC and 5-HT ELISA. Our results suggested that, under hypothermic conditions, more serotonin is stored in the platelets and, therefore, less serotonin is available in the plasma. This could have an effect similar to serotonin deficiency, in that the serotonin is not available to exert its contracting effect on the smooth muscle cells and help with wound closure. We hypothesize that this may contribute to the increased bleeding time following hypothermia despite the fact that platelets are activated under these conditions. Activated platelets are considered to enhance coagulation, which would not cause the observed coagulopathy. Activated platelets might, however, also be cleared more rapidly or adhere to foreign surfaces.
We suggest the following model that links the morphological changes to the changes in serotonin content during platelet temperature activation. It is well documented in the literature that platelets circulate as discoid cells (Allen et al, 1979; Bizzozero, 1865; White and Krivit, 1967; Winokur and Hartwig, 1995) . We hypothesize that the temperature-dependent shape change is initiated by temperature-induced changes within the plasma membrane. Both phospholipid asymmetry (Zwaal et al, 1998) and the fluidity of the plasma membrane are highly affected by temperature (Cossins, 1994; Tablin et al, 1996) . Membrane asymmetry and fluidity determine the conformation and activity of the integrins (Haas et al, 1999) , which are anchored to the cytoskeleton of the cell (Fox, 1993; Hagmann et al, 1998) . Therefore, it is reasonable to speculate that even local changes in plasma membrane polarization will cause outside-in signaling through conformational changes of integrins and subsequent changes of the integrin/cytoskeleton interaction. Cytoskeletal rearrangements involve many intracellular processes such as mobilization of internal Ca 2ϩ via phospholipase C (PLC). 5-HT uptake and release are known to correlate with PLC activity, as well as with [Ca 2ϩ ] i fluxes (Martin, 1997) . We suggest that the temperature-dependent shape change starts at the level of the plasma membrane. These changes in the plasma membrane lead to changes in the cytoskeleton and the platelet serotonin content through intracellular signals.
This process differs from chemical activation through agonists like ADP or thrombin in that the particular receptors for these agonists are not involved and ␣-granule release is not initiated. Because this process is reversible, it might be interesting to speculate that platelets have an as yet unknown function in signaling temperature changes.
Materials and Methods

Preparation of Platelet Rich Plasma
In all experiments we used human PRP collected from volunteers who had provided informed consent. PRP was prepared at 37°C. Briefly, 9 volumes of blood were drawn into a prewarmed tube containing 1 volume of sodium citrate (3.8% final concentration). The blood was kept warm and centrifuged at 150 ϫg for 12 minutes at 37°C. PRP was removed with a prewarmed transfer pipette and kept in a 37°C water bath for 30 minutes before use. For the investigation of low-temperature activation, part of the recovered PRP was incubated in a water bath controlled at 20°C for 10 minutes before the addition of antibodies or fixation at the same temperature.
Fluorescence and Phase Contrast Microscopy
Live cell microscopy was performed on a Nikon Labophot 2 microscope (Nikon, Tokyo, Japan) using a 100ϫ/1.3 NA oil immersion objective. The microscope was fitted with a laboratory-built temperature stage and a digital camera (Pixera, Los Gatos, California) for real-time imaging. All glass surfaces were siliconized with dichloro-dimethylsilane (Sigma, St. Louis, Missouri) to avoid adhesion and spreading of live platelets on the glass slides (Fisher Scientific, Pittsburgh, Pennsylvania).
Scanning and Transmission Electron Microscopy
Scanning electron microscopy was performed using a Zeiss DSM 950 scanning electron microscope (Zeiss, Jena, Germany). The platelets were prepared as follows: platelets were fixed in 3% glutaraldehyde in PBS (50 mM NaH 2 PO 4 .H 2 O, 5 mM KCl, 1.5 mM MgCl 2 .6H 2 O, 80.1 mM NaCl; pH 7.2) by mixing 400 l of PRP with 1 ml of glutaraldehyde/buffer solution for 30 minutes at the appropriate temperature. Then platelets were washed with PBS and postfixed for 30 minutes in 2% OsO 4 in PBS at room temperature. The platelets were centrifuged at 1500 ϫg for 5 minutes and resuspended in PBS, mixed with 2% agarose solution, and then dehydrated in a series of ascending ethanol concentrations. After critical-point drying, the samples were sputter-coated with gold and zirconium and examined. For transmission electron microscopy, ethanol in the dehydrated sample was exchanged for propylene oxide, and the specimen was embedded in Epon 812 according to Luft (Luft, 1961) .
Static and Dynamic Light Scattering
Static light scattering experiments were carried out on the Flat Cell Light Scattering Instrument as described by Lehner et al (1998) . A diode array allows for accumulation of complete scattering curves in an angular range from 1°to 60°within short periods of time. In addition, the thickness of the sample compartment can be adjusted to eliminate/reduce multiple scattering. PRP at the appropriate temperature was fixed with 4% paraformaldehyde 1:1 (v/v) for 30 minutes. Without further dilution these samples were analyzed in a 133-m-wide flat glass cell at 20°C. The pair distance distribution functions were calculated from the scattering curves after subtraction of the solvent and blank scattering by indirect Fourier transformation (Glatter, 1977) .
Dynamic light-scattering experiments were performed on live platelets in PRP. A laboratory-built light-scattering instrument was used, which allowed for quasi-simultaneous measurement of two independent parameters, electrophoretic mobility, and diffusion coefficient. A detailed description of the instrument can be found in previous publications (Fuchs et al, 1989; Spurej et al, 1992) . Size distributions were obtained through Laplace inversion of the measured correlation functions Schnablegger and Glatter, 1991) . The plasma viscosity was measured with an oscillating capillary rheometer (OCR, Paar, Austria) or a Cannon A412 viscometer (Cannon Instruments, State College, Pennsylvania) at 20°C, 37°C, and 42°C. The respective viscosities are listed in Table 1 . Electro-osmosis was eliminated by coating of the glass surfaces that would come into contact with the samples with dichloro-dimethylsilane (Sigma). The measured velocity profiles were flat, and thus, it was not necessary to determine the stationary layer. The electrophoretic mobility was measured in the middle of the electrophoresis chamber.
Although static and dynamic light scattering exploit the same phenomenon, the scattering of light by particles, the two techniques are fundamentally different (Ford, 1985; Gabriel et al, 1993) . Dynamic light scattering has not been widely used in platelet research. Therefore, we have included as an appendix a brief description of dynamic light scattering, which also discusses how it is different from static light scattering (Fratantoni et al, 1984; Frojmovic and Wong, 1990; Patscheke et al 1984) .
Serotonin Measurements
Plasma levels of serotonin (5-HT) were determined with an ELISA kit (IBL, Darmstadt, Germany) according to the manufacturer's protocol. Serotonin concentrations in the platelet pellet were measured by HPLC using a LiChrosphere reverse-phase column (Merck, Darmstadt, Germany) in conjunction with an absorbance detector (L-6210 pump and L4200 detector; Merck-Hitachi, Darmstadt, Germany). Samples for HPLC were prepared in the following way. PRP was prepared at 37°C as described above. Platelets were counted on a Coulter Counter (Beckman Coulter, Burlington, Ontario) to be able to normalize the results. To protect 5-HT from oxidation, L-cysteine hydrochloride (Fisher Scientific, Fair Lawn, New Jersey) at a final concentration of 5 mg/ml was added to all samples before the addition of perchloric acid (PCA, 0.2 N final concentration). For determination of total serotonin in whole blood, the PRP samples were sonicated for 10 seconds and centrifuged for 10 minutes at 12,000 ϫg in an Eppendorf centrifuge (Eppendorf, Hamburg, Germany). The supernatant was frozen immediately in liquid nitrogen and kept at Ϫ80°C until analyzed. For the separate determinations of plasma and platelet serotonin at 37°C and 20°C, 2 mM CaCl 2 and 1 M fluoxetine hydrochloride (Sigma) were added to freshly prepared PRP. This was followed by incubation at the appropriate temperature for 30 minutes. The plasma and platelets were separated by centrifugation at 1000 ϫg for 15 minutes, and the platelet pellet was resuspended in 200 l PBS. From both the platelet and the plasma fractions, proteins were precipitated with perchloric acid in the presence of cysteine. The samples were centrifuged and the supernatants frozen. Isocratic flow at 1 ml/minutes was used with a mobile phase consisting of 30% acetonitrile and 70% phosphate buffer (100 mM NaH 2 PO 4 , 1 g/l SDS, 0.5 mM EDTA, pH 4.5). Standards for 5-HT were prepared by dissolving different concentrations of serotonin hydrochloride (Sigma) in water. The standards were treated with cysteine and PCA analogous to the samples. Under these conditions the retention time for serotonin was 3.58 Ϯ 0.3 minutes at room temperature, and there was no interference from other substances. The detector wavelength was set to 276 nm. With this HPLC system, the detection limit for 5-HT was 50 ng/mL, whereas the ELISA can measure serotonin concentrations down to 0.03 ng/mL.
For the histochemical detection of serotonin containing dense granules, PRP was fixed 1:1 (v/v) with 4% paraformaldehyde in PBS and the platelets subsequently permeabilized by the addition of Triton X-100 in water to a final concentration of 0.2%. The platelets were washed with a HEPES buffer (150 mM NaCl, 5 M KCl, 1 mM MgSO 4 , 10 mM HEPES-sodium salt, pH 7.4) containing 3% BSA before a monoclonal mouse-anti-human serotonin antibody (Dako Diagnostics, Mississauga, Ontario) was added. After a brief incubation and another washing step, a secondary Texas Red-labeled goat-anti-mouse F(ab') 2 fragment (Jackson Immuno Research, Mississauga, Ontario) was added. Fluorescence microscopy was performed using the microscope setup described above.
Flow Cytometry
PRP was prepared at 37°C and incubated for 30 minutes at this temperature. The antibodies PE- labeled anti-CD42b and FITC-labeled anti-CD41 were used as platelet markers, whereas PE-labeled anti-CD62P, FITC-labeled anti-CD63, and FITC-labeled PAC-1 were used as activation markers. Antibodies were purchased from Immunotech (Westbrook, Maine), except for FITC-labeled PAC-1 (Becton Dickinson, Mississauga, Ontario) and FITC-labeled antifibrinogen (Dako Diagnostics). Labeled antibodies in HEPES (total volume of 45 l) were incubated at 20°C, 37°C, or 42°C, followed by addition of 5 l PRP. The platelets were allowed to react with the antibodies for 30 minutes at the appropriate temperature. For fixation, 950 l of 0.2% formaldehyde in normal saline was added. Samples were measured on a Coulter EPICS XL flow cytometer (Miami, Florida). The fluorescence resulting from the binding of a nonspecific antibody was set as 2% expression (negative control). As a positive control, platelets were activated with 1 IU/ml thrombin in the presence of 1 mM of the peptide GPRP (Calbiochem, San Diego, California). Following thrombin activation, binding of the activation marker reached values of 87% to 99%.
Appendix
Dynamic light scattering is conceptually similar to a radar velocity measurement. The light scattered by particles is frequency-shifted (Doppler shift) because of the particles' movement relative to a detector positioned at a fixed scattering angle. The random movement of particles is caused by thermal motion (diffusion light scattering). When an electric field is applied, the movement of the scattering particles is directed (electrophoretic light scattering). For practical reasons it is easier to analyze intensity fluctuations (time domain) rather than measure frequency shifts (frequency domain). Time and frequency domain are Fourier transform pairs, and data can be easily interconverted. In the following paragraphs, the dynamic light scattering arising from the particle movement caused by thermal motion will be discussed.
The fluctuations in scattering intensity originate from the movement of the particles in solution. The smaller and smoother the particles are, the faster they will move in solution, and the faster the intensity fluctuations will be, and vice versa. Thus, the time dependence of the scattering intensity, represented by its correlation function, provides information on the motion of the scattering particle. If all particles are of the same size, the correlation function is a single exponential function. Its decay is governed by the diffusion coefficient. The diffusion coefficient (D) is related through the Stokes-Einstein equation to the hydrodynamic radius R H (D ϭ kT/6R H , where k is the Boltzmann constant, T the temperature, and the viscosity). R H corresponds to the size of an equivalent sphere that moves with the same velocity as the particles in solution. Although the volume of platelets does not change substantially upon shape change, the formation of pseudopods increases friction to such an extent that the movement of the platelets is slowed down. Therefore, a platelet with pseudopods moves with the same speed as an equivalent sphere of about double the size of a discoid platelet. For a polydisperse sample, the hydrodynamic radius constitutes an ensemble average. The particle motion in an electric field is essentially proportional to the surface charge density of the particle and is commonly presented in the form of a frequency spectrum. The frequency shift ⌬ is related to the electrophoretic mobility : ⌬ ϭ .E.K, with E being the electric field strength and K a constant, depending on the scattering angle and the wavelength of the light source. The electrophoretic mobility can be converted into a zeta potential () using the Smoluchowski equation ϭ ⑀/, where ⑀ is the dielectric constant of the solution and its viscosity.
In static light scattering, time-averaged scattering intensities are measured at a series of different scattering angles in contrast to the short-time fluctuations measured in EDLS at a fixed angle. The angular dependence of the particle interference pattern (scattering curve) contains information about the size and shape of the particles in solution. Particle size (real space) and scattering angle (reciprocal space) are inversely related, and the relationship between the solution structure of the object and its scattering curve can be mathematically described by a Fourier transformation. A direct consequence of this inverse relationship is that particles large in comparison to the wavelength of light (which is the probe), such as platelets, scatter predominantly to small angles (in forward direction). Changes in platelet morphology are therefore expected to manifest themselves in the scattering curves at small scattering angles. The information on particle shape is not immediately obvious from the scattering curves, but it can be obtained without any further assumptions from the pair distance distribution function (PDDF) (Glatter, 1977) . The PDDF represents a histogram of distances inside the particle and goes to zero at the maximum particle dimension. It is like a fingerprint pattern for a particular shape, symmetrical for spherical particles and progressively asymmetric for oblate to cylindrical particles.
